Pollination modes and growth forms -All species sequenced were assigned to one or several pollinator groups (bee, hummingbird, bat, or sphingid) on the basis of either our own fi eld observations or inferred from combinations of fl oral traits, such as anthesis time, fl oral bauplan (i.e., mostly shape and length of the hypanthium), and nectar production. For growth form, we assigned species to one of two types, globular growth or columnar growth.
RESULTS
Relative frequencies of changes in pollination mode, growth architecture, and chromosome number -We generated 457 new chloroplast sequences ( Table 2 ). The concatenated aligned matrix comprised 3866 nucleotides. Maximum likelihood analysis of these data yielded the tree shown in Fig. 1A and B , which also shows growth form (categorized as globular or columnar), pollination mode, and chromosome number. Inspection of the tree reveals many more changes in pollination modes than in growth form, and even though chromosome counts are not available for all species, polyploidy (tetraploidy) appears common in the Oreocereus clade and in Weberbauerocereus , and rare elsewhere ( Fig. 1 , Table 3 ; more about chromosome numbers in the next section). Major clades were named using oldest available genus names.
A monophyletic Echinopsis would need to include Acanthocalycium Backeb., Arthrocereus A.Berger, Cephalocleistocactus F.Ritter, Cleistocactus Lem. (including Borzicactus applied to mostly globular cacti from the medium to high Andes with short, diurnal fl owers of various colors; Trichocereus was used for mostly columnar, sometimes tree-like cacti with fl owers that are usually large, white, and nocturnal; and Echinopsis in the original sense applied to globular plants with white, funnel-shaped fl owers of predominantly nocturnal anthesis. Species combining these characters were placed in separate genera, such as Helianthocereus , created for species of columnar habit, but with diurnal fl owers (see Table 1 for a short history of Echinopsis taxonomy).
Here we present a densely sampled molecular phylogeny for Echinopsis that includes 144 species and subspecies, including the type species of all relevant generic names, as well as representatives of all genera in recent years assigned to the tribe Trichocereeae, again including relevant generic type species. To assess the role of chromosome number changes, we generated new counts for 37 selected taxa and added these to previous counts for a phylogenetically distributed sampling. We use these data to address the following questions: (1) Is Echinopsis in the broad sense monophyletic? (2) What is the level of variation of growth habit and pollination mode, characters that have been used to defi ne clades in Echinopsis sensu lato? And (3) How common are ploidy changes in the Echinopsis alliance, and are they clusterd in certain subclades, perhaps indicating a role for hybridization in the evolution of certain species groups.
MATERIALS AND METHODS
Taxon sampling -Molecular phylogenies to date have included three to nine species of Echinopsis plus few of the potentially embedded related genera of Trichocereeae ( Nyffeler, 2002 ; Ritz et al., 2007 ; Hernández-Hernández et al., 2011 ) . We obtained tissue samples from 162 plants representing 31 genera, 129 species, 8 subspecies, and 2 varieties; 74 species belong to Echinopsis s.l., the remaining ones are species not previously assigned to Echinopsis (see Table 2 for taxonomic names and their authors, as well as information about generic type species). Our sample includes representatives of all nine infrageneric groups of Echinopsis defi ned by Friedrich and Glätzle (1983) and representatives of the 13 sections of Lobivia defi ned by Rausch (1985) . We further included 54 species representing the 24 genera of the tribe Trichocereeae ( Anderson, 2005 ) , and part of the BrowningieaeCereeae-Trichocereeae (BCT) clade of Nyffeler (2002) . For rooting, we chose Neowerdermannia vorwerkii from core Notocacteae, based on Nyffeler (2002) .
Material was fi eld-collected by the fi rst author or obtained from documented material from public and private collections. All species identifi cations were made or confi rmed by the fi rst author. Vouchers are listed in Table 2 . ( Fig. 1B ) . In the Lobivia clade, we found diploids and tetraploids in E. tiegeliana , and in the Oreocereus clade we found tetraploids in Espostoa and Oreocereus itself ( Fig. 1 , Table 3 ). In Rebutia K.Schum., we found tetraploidy in a species previously assigned to Mediolobivia Backeb.
DISCUSSION
We now address the main questions posed in this study, namely (1) Is Echinopsis in the broad sense monophyletic? (2) What is the level of plasticity of growth habit and pollination mode, characters that have been used to defi ne clades in Echinopsis sensu lato? And (3) How common are ploidy changes in the Echinopsis alliance and are they clustered in certain subclades? Anderson (2001) ( Fig. 1A, B ) . Species previously assigned to Lobivia , i.e., species with diurnal fl owers, Trichocereus , i.e., columnar species, or Echinopsis s.str., i.e., globular species with funnel-shaped fl owers of nocturnal anthesis, do not form clades. The genera Espostoa , Cleistocactus s.l. (i.e., sensu Hunt, 1999 Hunt, , 2006 and Matucana are polyphyletic ( Fig. 1 ) , and Acanthocalycium is paraphyletic since Echinopsis leucantha is embedded among its species. Our sampling also reveals a few taxonomic problems at the species level: thus, E. aurea is polyphyletic, with the isolated northernmost form ( E. aurea var. callochrysea ) close to E. tubifl ora . Table 3 lists new chromosome counts for numerous Echinopsis (sub) species or varieties included in the phylogeny as well as for 11 outgroup species from eight genera. The basic chromosome number is 2 x = 22. We discovered six cases of tetraploidy of which two involve intraspecifi c variation between diploidy and tetraploidy. In Fig. 1. (A, B) . Maximum likelihood (ML) phylogram for 144 taxa of Echinopsis and relatives obtained from 3866 aligned nucleotides of chloroplast DNA. Numbers at nodes indicate ML bootstrap support >70% from 100 replicates. Known or putative pollinators are indicated by pie diagrams, with the color codes explained in the inset; sphingid-adapted taxa with bees as backup pollinators are treated as sphingid-pollinated. Growth form is indicated by different taxon name colors as explained in the inset. New or previously published chromosome counts are shown as follows: Bold numbers indicate counts that were made from the same plant as was sequenced; numbers in parentheses refer to counts made from a closely related taxon; the remaining numbers refer to counts from the same taxon but not the sequenced individual (see Table 2 for sources). Collection numbers behind plant names refer to vouchers cited in Table 1 ; they are given only for species represented by multiple accessions. Anderson, 2001 ) or the Echinocereeae ( Barthlott and Hunt, 1993 ) . Of the ca. 20 species of Harrisia , we sampled H. gracilis from the Carribean and four species from central South America.
Monophyly of Echinopsis sensu lato -Echinopsis as circumscribed by

Chromosome numbers -
Oroya , Pygmaeocereus , Rauhocereus , Samaipaticereus , Weberbauerocereus , and Yungasocereus. Alternatively, Echinopsis will need to be divided into smaller, more homogeneous units, requiring the resurrection of generic names and transfers of species epithets. We now briefl y discuss the main clades found in this study. Echinopsis s.s. is well supported (100% bootstrap support; the type species is E. oxygona ) and homogeneous in growth The Helianthocereus clade ( Fig. 1B ) consists of species of mostly columnar to rarely globular growth with fl owers adapted to pollination by bees or hawkmoths. Friedrich (1974) and Friedrich and Glätzle (1983) , in a study of seed morphology for which they sampled ca. 20 of the species from this clade, found that all had seeds with an obliquely placed oval hilum surrounded by fl at testa cells. Next in the tree comes the E. bridgesii clade (89% bootstrap support), which consists of fi ve species from central Bolivia and northern Argentina with globular to short-columnar growth and fl owers suggesting either bee or moth pollination. The recently described Lobivia krahn-juckeri ( Diers, 2009 ) may also belong here. A fi nal group worth discussing is the Lobivia clade ( Fig. 1B ) , with a well-supported core clade (93% bootstrap support) and an unresolved group of early-branching species. Typical "lobivioid" species are small, mostly globular plants with short diurnal fl owers. However, the Lobivia clade also includes species with long (>20 cm) white fl owers adapted to pollination by sphingids ( Schlumpberger and Raguso, 2008 ; Schlumpberger et al., 2009 ; Fig. 2A ). Examples for those are E. ancistrophora , E. obrepanda , and E. rojasii .
In sum, the molecular data presented here confl ict in large parts with previous taxonomic classifi cations of Echinopsis and its relatives ( Anderson, 2001 ( Anderson, , 2005 Hunt, 2006 ) . Morphological characters other than those traditionally used will have to be found to circumscribe natural taxonomic groups in the Trichocereeae, but large morphological differences may be diffi cult to fi nd since the entire Trichocereinae/Cereinae clade is only 7.5-6.5 Myr old ( Arakaki et al., 2011 ) .
Relative phylogenetic plasticity of growth habit and pollination syndromes -In most of the clades revealed by our molecular data, growth form (globular vs. columnar) is phylogenetically conserved. The Helianthocereus clade ( Fig. 1B ) , however, comprises globular species ( E. crassicaulis , E. lobivioides ), barrel cacti ( E. formosa subsp. korethroides ), species with thin, creeping or upright columns ( E. huascha , E. candicans , E. thelegona ), and large, robust columnar cacti ( E. tarijensis , E. formosa subsp. formosa BOS460; Fig. 1B, 2C, 2D ) .
Pollination modes are evolutionary less conserved. Switches from bee to hawkmoth pollination or vice versa appear to be especially common. Examples are found in the Lobivia , Helianthocereus and Echinopsis s.s. clades ( Fig. 1A, B ) . The fi nding of closely related species having different pollinators fi ts with population-level variation between bee and sphingid pollination, and nocturnal or diurnal flower opening ( Schlumpberger and Raguso, 2008 ; Schlumpberger et al., 2009 ) . A review of inferred evolutionary shifts between pollinators in genera of Cactaceae more generally is provided in Schlumpberger (2012) .
The role of polyploidy in the evolution of the Echinopsis clade -The 37 new chromosome counts reported here support the basic chromosome number of 2 x = 22 inferred for Cactaceae ( Remski, 1954 ; Pinkava et al., 1985 ) . Tetraploidy is present in the Lobivia and Helianthocereus clades ( Fig. 1A, B ) and has also been reported from a few species not included in our tree, such as E. spachiana (likely part of our Helianthocereus clade) and E. backebergii subsp. wrightiana ( Lobivia clade; Diers, 2008a ;  ( Hunt, 2006 ) turn out not to belong there but instead to the Oreocereus clade ( Fig. 1A ) , and future studies will have to investigate if other species transferred to Cleistocactus from Winterocereus (syn. Winteria and Hildewintera ) and Bolivicereus also instead belong to Borzicactus . Most species in the Cleistocactus clade are adapted to pollination by bats ( Espostoa , Samaipaticereus , and Yungasocereus ) or hummingbirds ( Cephalocleistocactus and Cleistocactus ), and Weberbauerocereus species are visited, and apparently pollinated, by both bats and hummingbirds ( Sahley, 1996 ) . That Espostoa ( Vatricania ) guentheri is not grouping with E . lanata , the type species of Espostoa , fi ts with an anatomical study that found it to have "the greatest number of unusual features" among six species of Espostoa studied ( Mauseth, 1999 : p. 36) . One of these unusual features, a twolayered hypodermis with clusters of columnar cells, resembles the hypodermis of Cleistocactus strausii and Weberbauerocereus albus , which are related to species that group with Espostoa ( Vatricania ) guentheri in our study.
Next closest is the Reicheocactus clade ( Fig. 1A ) . The relatively early-diverging species E. famatimensis and E. bonnieae have long troubled Cactaceae taxonomists. First described as Echinocactus famatimensis ( Spegazzini, 1921 ) , the former was subsequently tranferred to Rebutia ( Spegazzini, 1923 ) and Lobivia ( Britton and Rose, 1919-1923 ) , and in 1942 to the new genus Reicheocactus Backeb. (as Reicheocactus pseudoreicheanus ). In recent years, it was usually included in Echinopsis ( Anderson, 2001 ; Hunt 2006 ; but see Kiesling et al., 2001 , who returned it to Lobivia ). Echinopsis bonnieae likewise has been moved between Lobivia (as Lobivia bonnieae Halda & Horácek, 1999 ) and Echinopsis .
Another well-supported group is the Oreocereus clade ( Fig.  1A , 99% bootstrap) , which includes the type species of Oreocereus plus the eight genera Borzicactus (here referred to Cleistocactus , according to Anderson, 2001 and Hunt, 2006 ) , Espostoa , Haageocereus , Matucana , Mila , Oroya , Pygmaeocereus , and Rauhocereus , with a total of about 60 species ( Hunt, 2006 ) .
Next in the tree comes the Denmoza clade ( Fig. 1B ) , which contains the monotypic Denmoza rhodacantha , E. mirabilis (syn. Setiechinopsis , monotypic as well), E. leucantha , and Acanthocalycium . Acanthocalycium was synonymized under Echinopsis s.l. by Hunt (2006) , but was kept separate by Anderson (2001 Anderson ( , 2005 . All these taxa are endemic to northwestern Argentina, and their fl owers are adapted to pollination by hummingbirds ( Denmoza ), bees ( Acanthocalycium ), or moths ( E. leucantha and E. mirabilis , the latter unique in its short lifecycle, fl owers closing before dawn, and autogamy; Kiesling and Ferrari, 2005 ).
The Trichocereus s.str. clade ( Fig. 1B ) is here represented by Echinopsis pachanoi and E. lageniformis , both columnar species characterized by few, blunt ribs, poor spination, and a moderate stem diameter (usually <20 cm). The type species of Trichocereus , E. macrogona [ Cereus macrogonus Salm-Dyck; Trichocereus macrogonus (Salm-Dyck) Riccob.], is based on a cultivated specimen of unknown origin and appears related to E. pachanoi ( Anderson, 2005 ; R. Kiesling, CONICET, Mendoza, Argentina, personal communication) . The taxonomy is further complicated by E. pachanoi , a species long cultivated and hence widely distributed ("San Pedro cactus").
2006 ; Hipp et al., 2007 ; Timme et al., 2007 ) . It has been suggested that hybridization plays a major role in the evolution of Cactaceae ( Rowley, 1994 ; Machado, 2008 ) and has also been hypothesized for Echinopsis ( Friedrich, 1974 ; Font and Picca, 2001 ; Anderson, 2005 ) and related genera ( Rowley, 1994 ) . Observations in the fi eld also suggest occasional hybridization, for example, between E. atacamensis subsp. pasacana × E. huascha subsp. robusta , E. terscheckii × E. candicans , E. terscheckii × E. huascha , and E. ancistrophora × E. saltensis (B. Schlumpberger, unpublished data). However, at least the fi rst cross in this list involves homoploidy (BS, unpublished data), and the relative scarcity of tetraploidy in the phylogeny ( Fig. 1 ) thus does not necessarily refl ect a rarity of hybridization.
Conclusions -
The chloroplast DNA phylogeny presented here for 144 species and subspecies representing all major groups of Echinopsis sensu lato as well as all genera of Trichocereeae demonstrates the polyphyly of this genus as currently circumscribed. The phylogeny further reveals much convergent evolution in fl ower traits that relate to pollination modes (see Fig. 2A , B ) and less convergent evolution in growth forms (but see Fig. 2C, D ) . There is no conspicuous role of genome doubling in the evolution of Echinopsis sensu lato. A new generic classifi cation of the Trichocereeae now requires fi nding morphological characters suffi ciently conservative for distinguishing larger groups of species. Seed morphology and growth form, perhaps in combination, seem promising starting points.
